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SummaJry. Phenol inhibits the Hill reaction with several Hill oxidants and the
accompanying non-cyclic phosphorylation. It inhibits also pseudocyclic and cyclic
phosphorylation. Partial reactions which are dependent on cyclic electron flow are
inhibited too, but electron flow from ascorbate via dichlorophenolindophenol to TPN
is not. The activity of various benzene and phenol derivatives was compared. It
is concluded that the inhibition is a result of interfering with an electron carrier
which participates in cyclic and non-cyclic electron flow.

The use of inhibitors is a potent tool in the
elutci(lation of the mechanism of electron transport
and the accompanying phosphorylation in isolated
chloroplasts. Most of the known inhihitors of elec-
tron transport presumably inhibit some reaction
near the oxygen evolution site (8). The evidence
for this includes the finding that while non-cyclic
electron flow and the accompanying phosphoryla-
tionI are inhibited, cyclic phosphorylation is not.

Iiidiscriminatiing inihibition of phosphorylation
is cause(l by uncouplers, but few compotun(ds are
kniown which inhibit the 2 types of phosphorylation
by inhibiting a common part of electron transport.
The data presented indicate such activity for phenol
and variouts phenol derivatives.

Materials and Methods

Chloroplasts were prepared from lettuce (Lac-
ttca sativa var. romaine). Thirty grams of leaves
were blended in a 220 V \Varing blendor for 20
seconds at 120 V, in 70 ml of medium containing
0.4 M sucrose, 0.01 M NaCI, 0.05 M tris, 0.05 M
ascorbate (pH 8.0). The homogenate was filtered
through gauze and centrifuged at low speed. The
chloroplast pellet was then collected by centrifuiging
for 7 minutes at 1500 X g. The chloroplasts were
washed once in the homogenizing medium or in
the same medium without ascorbate, when ferri-
cyanide reduction was measured, centrifuged again
for 7 minutes at 1500 X g and resuspended in the
original medium (without ascorbate) at a concen-
tration of approximately 1 mg chlorophyll/ml.

Chlorophyll was determined according to the

1 Abbreviations: PMS, phenazine methosul.phate;
DCPIP, 2,6-dichlorophenolindophenol; BDHB, n-butyl-
3,5-diiodo-4-hydroxybenzoate; DCMU, 3- (3,4.dichloro-
phenyl) -1,1 dlimethylurea.

procedure of Arnon (1). Ferricyanide reduictionl
was meastured by loss of absorption at 420 mu of
the (leproteinized solution. DCPIP' reduction was
followed by measuring the decrease in GD at 620
m,u in an Uvispec spectrophotometer or at 570 m,u by
continu10ouls recor(ling in a Cary 15 spectrophotom-
eter. II the latter the actinic beam was provi(le(d
by a 300-\V slide projector passe(d through a red
filter (Corning No. 2403) at right angles to the
measurillg, beam. The phototuibe was protecte(I
from the aictinic beam by a bluie filter (Corning
filter No. 9782). TPN redutiction was followed by
measuiring OD increase at 340 m/A. Ferredoxin was
prepared from mangold leaves according to the
procedure of Hill and Bendall (10), up to and
including the column fractionation on DEAE-cellu-
lose. Phosphorylation was measured by following
32p incorporation into ATP according to Avron
(3). Light induced proton uptake was measured
by titration with a TTT-1 Titrigraph as reported
(17). Light scattering was measured by recording
oD at 520 mib with a Cary 15 spectrophotometer
using the same illumination and filter arrangement
as that for DiCPIP reduction. The light induced
ATP-ase was measured as dlescribed by Petrack
et al. (19).

Results

The effect of phenol on ferricyanide reduction
and the accompanying phosphorylation is shown in
table I. The reduction is inhibited whether the
phosphorylating reagents are present or not, indi-
cating that the inhibition of ATP formation is a
result of electron flow inhibition. The results of
table I clearly demonstrate that cyclic ATP syn-
thesis with PMS is inhibited as much as the Hill
reaction with ferricyanide. Phosphorylation medi-
ated by other carriers (table II) is also inhibited.
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Table I. Effect of Phenol on Fcrricyanide Reduction and Ferricyanide and PMS Phosphorylation
The reaction mixture for PMS phosphorylation contained in 3.0 ml the following in ,Amoles: tris 50 (pH 7.8);

NaCl 120; MgCI2 20; Pi 10; ADP 4; PMS 0.15; 6 X 105 cpm of 32P and chloroplasts containing 60 ,ug chlorophyll.
The reaction mixture for ferricyanide dependent phosphorylation was the same but PMS was replaced by 1.8 ,umoles
of the fortmer.

Illumination was from 150 Watt bulb shielded by a water bath providing 3500 ft-c at the level of the test tuibes.
The reaction with PMS was run for 5 minutes and with ferric\anide for 3 minutes it was terminated by turning off
the light and adding 0.3 ml of 30 % trichloroacetic acid.

Control values: ferricyanide reduction = 368 ,uLmoles per hour per mg chlorophyll; in the presence of phosphory-
lating reagents S.A. = 455. Ferricyanide mediated phosphorylation - 158 Amoles of ATP formed per houir per mg
chlorophylll. PMS phosphorylation - 275 /Amoles of ATP formed per hour per mg chlorophyll.

I'llieiol
concentration

M
0

5 X 10-3
10-2

2 X 10-2

A C T I V I T Y
F e r r i c y a n i d e

Reduction*

100
72
58
24

Reduction

100
66
42
17

AATP formation

100
40
14
0

PMS
ATP formation

100
62
37
3

k No Pllosphorylating reagents.

Table II. Inhibition of Phosphorylation in the Presence of Various Cofactors by Phenols
Plhenol was added at 10 mm. Otherwise experimental conditionis as in table I.

Cofactor

PMS, 0.05 mAM
Pvocvanine,

0.05 mM
Vitamin K.,

0.05 mM
FMvN, 0.05 mM

A T P
N o P h e n o I

,umoles/hr mg chlor
339

340

171
185

F o r m a t i o n

P u s P h e n o

% of control
35

21

10
7

Table III. Effect of Phenol on Electron-Transport
The control value of ferricyanide reduction (S.A.) in the atebrin experiment was 272; with atebrin 570; in

NH4Cl experiment 236; with NH4Cl 465; otherwise experimental conditions of ferricyanide reduction as in table I.
The reaction mixture fur TPN reduction contained in a total volume of 1.5 ml the following in /kmoles: tris 25

(pHi 7.8); NaCl 60; TPN 0.5'. Saturating amounts of ferredoxin and chloroplasts containing 30 jtg chlorophyll.
Wh*n ascorbate was the electron donor there were also in ,tmoles: ascorbate 7.5; DCPIP 0.075 and DCMU 0.015;
illumination as described in table I. Specific activity of TPN reduction from H0O -- 74; from ascorbate DCPIP - 50.

DCPIP was measured in bean chloroplasts which were isolated at pH 6.0 according to McCarty and Jagendorf (16).
The reaction mixture contained in a total volume of 10 ml the following in unioles: sodium citrate 200 (pH 4.5)
NaCl 80; DCPIP 0.3 and chloroplasts containing 22 ,ug chlorophyll. Reduction was measured by a potentiometric
titration witli ferricyanicle (16). The control value of DCPIP re(duiction was 1440 jAequivalents per hour per mg
chlorophyll.

A C T I V I T Y
Ferricvanide reduction TPN reductioni

Phenol +Atebrin +NH4Cl DCPIP Ascorbate
Concn Control 0 1 nml1I Control 1 mm Reduction H.,O DCPIP

M % % % % % % %
100 100 100 100 100 100 100

3.2 X 10-3 68 60 90 90 ... 66 108
6.5 X 10-3 47 20 76 27 42 37 112
1.3 X 102 26 12 57 21 25 12 102
2.6 X 10-2 15 9 27 18 0 9 101
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FIG. 1. Rate of DCPIP reduction as a funictioni of
light intensity. Light intensity is shown as reciprocal
of the percentage transmission of various filters used.
The intensity with no filter, before passinlg through the
red filter, was approximately 30,000 ft-c. The reactioni
mixtuire contained in 3.0 ml the followinig in ,umoles: tris
50 (pjH 7.8); NaCl 120; DCPIP 0.12; chloroplasts
equivalenit to 20 uig clllorophyll. 0 - Control; * - 20
mTir phenol. The dye reductioln was followed with a

Cary spectrophotometer.

Phenol inhibits electroni transport which is uni-

cotuple(d either by atebrin or ammoniumn chloride
as showvn in table III. Actually the stimulate(d
electron flow is inhibited somewhat more than the
basal rate.

Bean chloroplasts isolated at pH 6.0 containi
presumably only a part of an active electron trans-
port pathway which can reduce DCPIP at low pH
(16). The results of table III show that phenol
inhibits this residual electron transport.

TPN reduction is inhibited by phenol when
water serves as the electron donor, but reduction
by ascorbate DCPIP is not inhibited (table III).
The reduction of TPN by ascorbate was found to

be dependent on1 ferredoxinl evenl in the presence

of phenol.
Figure 1 presents the degree of inhibition of

DCPIP redutction by phenol as a ftunction of light
intensity in a (louble reciprocal plot (1/velocity vs.

1/light intensity). The most pronouinced effect is
on the light reaction.

Partial reactions in the presenice of PMS or

pyocyanine which presumably (lepend on cyclic
electron flow, namely light-in(luce(d proton uiptake
an(d light-iniduiced absorbancy chanige are stronigl)
inhibited by phenol (table IV and fig 2). The
same is truie of the thiol-dependent ATP-ase dis-

FIG. 2. T'hle effect of phenol on the photoindutced
change in light scatterinig. Tlle reaction mixture coI-
tained in a total voluime of 3 ml the following in ,umoles:
Na-citrate 100, (pH 6.3); NaCl 120; pyocyanine 0.15
anid chloroplasts equivalenlt to 40 Ag chlorophyll. Solid
linles cointrol. Dashed lines 13 mM phenol. The absorbency
clhanige was followed with a Cary spectrophotometer.

covered by Petrack et al. (19) as showni in table V.
When TPN reductioin from ascorbate, DCPIP

aind cyclic phosphorylation mediated by this couple
are performed simultaneously the latter is strongl)
inhilbited whereas the former is not. It is occa-
sionally stimlulated (table VI).

On testing the chemical specificity of inhibition
it was fotund( that benzene does not inhibit cyclic
phosphorylation and among the benzene derivatives
oilly aniline and chlorobenzene in addition to phenol
are inhibitory (table VII). Stibstitution in the
benzene ring orrtho to pheniol, by either hydroxyl,
aldehyde or aldoxime increases appreciably the
inhibitory activity of the compouind (table VII).

Discussion

Phenol was showni to inhibit electron transport
with 3 different Hill oxidants:"TPN, DCPIP and(
ferricyanide (table III). As expected ATP forma-
tion accompanying the latter is .inhibited too (table
I). However, at variance with compouinds like

Table IV. Effect of Phenol on Light-induced Proton
Uptake in Isolated Chloroplasts

Fragmented chloroplasts were prepared in 10 mM
NaCl as reported (17). The reaction mixture contained
in 8 ml, chloroplasts e(juivalent to 30 pg of chlorophyll,
PMS 0.1 mM and NaCl 100 mm. The extent of proton
uptake was measured by titration with acid at pH 6.2.
The control value was 0.3 /equivalent H+ taken up per

mg chlorophAyll. Illumination conditions as in table I.

Phenol
collc11 Proton uptake

% of activity
0 100
3 X 10-3 80
1.3 X 10-2 70
2.6 X 10-2 45

-3Osec -
OFF

0

t ON
ON
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Table V. Effect of Phenol on Lighlt-induccd ATP-ase
The reactioni mixture contained in a total of 3.05 ml

tlle followinig in pmoles: tris 50 (pH 7.8) ; NaCl 120;
,MgCI, 20; PMIS 0.15; cysteine 180; ATP 5; and chloro-
plasts containiing 150 ug chlorophyll. The reactioni mix-
tulre xvas illuiniiiated for 2 minutes (light intensity 8000
ft-c) and was transferred to the dark for additional 13
miinuites. It a-s stoplped by 0.3 ml trichloroacetic acid.
Pi release was tested accordinlg to the procedure of Car-
ieli alnd Avroln (7). Thle conitrol value for ATP-ase
activity w as 49 Mnmoles ATP hl-drolyzed per mig chloro-
phIN 11 per hour.

.\TP se Ac t i i t
IPlellol coclnll Plieniol in light Plhenlol in darlk

10 2

2 \ 10-2
59
0

% of Colntr ol
100
40

'I[able VI. Effect of Phenol on Cyclic Phosphorylalo0n1
'Withl Ascorl)atc and DCPIP and on TP. Reduction

with Ascorlatc + DCPIP
The reactioni mixtuire contained in a total voluime of

1.5 ml tlle follow ing in pumoles: tris 25 (pH 7.8); NaCi
60; ascorbate 7.5 DCPIP 0.075 anid DCUII 0.015, MgCl.,
10; Pi 5; ADP 2; 6 X 10 cpTm of 32P anid chloroplasts
containing 30,g chlorophyll when cyclic phosphorvlation
w\as meatsured in the -TPN series. In the +TPN series
the reaction mixtuire as above but 0.25 umoles of TPN
aild saturatinig amounts of ferredoxin w ere added.

TPN Reduction

Amoles/hr mg
chlor

Control 10
+Phenol, 13 mvlM 17

ATP Formation
+TPN -TPN

gnmoles/hr mg clhlor

76 73
18 4

suibstittuted phenylureas (8), atrazine (9), hydroxy-
(quinoline oxides (4) and BDHB (6), which suip-
posedly inhibit close to the oxygen evoluition site,
the same conceintration of phenol inhibited likewise
cyclic phosphorylation (tables I ai(l II).

The reduictioln of DCPll' at low pH by danimaged
hean chloroplasts seems to be carriedI ouit by a
shorteine(d segmentt of electroni trainsport, perhaps
by system II oily- (16). The carrier affectecd hy
phenol also participates in this system (table ITI).
Assuming a comilmoni site for inihibition of the Hill
reactioni aln(l cyclic phosphorylation, the most prob-
able w0ou1ld be ani electroni tranisport carrier whiclh
participates in both reactionis. Contrary to previolus
claimis (12) re(lnictioni of TPN b)y the ascorbate-
1<1'1T' couiple is probablyl not accompaniel by
ArT formnation (5'). This is supported h! the
lata of table VI. Phenol inhibited cyclic plhos-
phorylation with ascorbatc-I)CPI) wrhile stim1lat
ing TPN reduction froml ascorbate. Actuially the
form-latioln of ATP1 and( its inhibition by phenol arc
11ot affected bx the prescnce of TPN. If it is
assumed that DCPIPTH., (lonates the clectrons at
an i(lentical site in cy-clic phosphorylation an(d in
TPN redcuction, it is har(d to visutialize, accordling
to the currently accepted series formulation, an
electron transport carrier prior to DCPIPH-1 en-
tranice which is common to non-cyclic and cyclic
phosphorvlation. It is possible that in cyclic phos-
phorylation the site of donation of electronis bhy
DCPIPH. is closer to system 1I thani in TP0N
reduictioni, as suiggeste(d b\y Trebst and(I Pistoriuts
(20). Another possibilitv is that the carriers of
cyclic phosphorylation do nlot act by bridgilg a
potenitial gap in the photosynthetic electron chaill,
but by imposing a right re(lox balance which starts
an endogenouis cycle of electroni flow-, inwhich the
phenol inhibited carrier participates.

Plastoqtiinone is known to be requiredI for the
Hill reaction and for cyclic phosphorvlationi (14),
but not when TPN is reduced by ascorbate (2),
therefore it might be the carrier inhibited by
phenol. However, the fact that phenol inhibits the
light-induIlce( ATP-ase (table V) is contrar\ to the
fin(inig in Anabeno var ibilis (15)).

The snbstituted phenol salicyl,aldoxime was found
by Trelmst et al. (21) to inihibit 1)oth the Hill reac-
tion an(l phosphorylation, wNhich lie ascribed to the

Table VII. Inhibition of Cyclic Phosphorylation by Benzenc Derivatives and Sub)stitfted Phenols
PMIS served as cofactor for cyclic phosphorylation. Othelrwise experimental conditionis as in table I.

Additioni

None
Benzene
Benzoic acid
AIIiliine
Chlorbenzenie
Phenol

None
Salicv\l ic acid
O-Cresol
Salicy l aldehvde
Salicy l aldloxime

,amoles/

A T P F o r m a t i o n
Comrpouind added at 10 imlAI Conmpound ;tdded at 5 m-r

'hr mg clhlor % of Control unmoles/hr mg chlor % of Control
331
326
293
285
244
19(

380
360
39
11
11

100
98
88
81
74

I ()()
95
10
3

3233

405

177
265
188

I ((
100

43
65
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binding of copper in plastocyanine. Since several
ortho-stibstituited phenols, and phenol are also inhibi-
tors (table VII), their action cannot be due to
chelation of copper. This is also unlikely in view
of the fact that both salicyl-aldoxime (21) and(
phelnol (lo not inhibit TPN redtuction from ascor-
bate, butt plastocyanine is thotught to participate in
the latter reaction (11,23).

Dinitrophenol is knowni to be both ani electron
tratnsport inhibitor (13) and(I ani iunicouipler (18').

The pheniol inhibition calnnot be duie to a non-
specific effect on proteinis, since reduictioni of TPN
by ascorhate-DCPIP is nlot affecte(l. Althouigh it
has been showni recenitly (22) that this reactioni
cani he catalyzed 1b)y chlorophyllini with the partici-
patioii of TPN rediuctase olnly, in chloroplast par-
ticles, however, at least ferredoxin (24) and(
plastocyanine (11) are required as well. In addi-
tion the chloroplast reaction as conitrasted with
that catalyzed by chlorophyllin, depends on the
presence of DCPIP. An absolute dependence on
ferredoxin and to a large degree on DCPIP was
shown in the presence of phenol.

Finally, it cannot be entirely ruiled ouit that
phenol and phenol derivatives act as energy trans-
fer inhibitors close to the electron transport chain.
This possibility is indicatecl to a certain extent by
the higher stusceptibility to phenol inhibition when
phosphorylating reagents are present (table I) and
by the fact that some inhibitioni of the ATP-ase
takes place even dluring the dark stage (table V).
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